ABSTRACT. Multizone Inspection (MZI) is an ultrasonic inspection system that has been developed in response to FAA recommendations for improved inspection of titanium billet material. The system is capable of achieving #2 FBH sensitivity in billets up to 10 inches in diameter. Honeywell as well as other OEMs are interested in adopting this inspection technique in response to FAA recommendations and to improve the sensitivity of their inspection procedures. To achieve that goal an evaluation of the system capability and variability at the supply base is necessary. This paper summarizes the results of a round robin study conducted at the supply base to evaluate the variability of MZI for 8 inch-diameter Ti-6Al-4V. It was found that on the average there is about 27% amplitude variability and 38% Signalto-Noise Ratio (SNR) variability at each surveyed facility. It was also found that the variability from one facility to the other was on the average about 28% in amplitude and 30% in SNR.
BACKGROUND
Multizone Inspection (MZI) is an ultrasonic system that has been developed in response to FAA recommendations for improved billet inspection of titanium material [1] . The system has been transitioned to the supply base and has been in operation since 1993 [2] . It is a real-time, PC based platform that employs custom built analog electronics using up to 8 parallel (non-multiplexed) channels, each with a remote pulser/receiver matched to the ultrasonic transducer. Scanned helically, the billet is divided into concentric zones with a focused transducer used to acquire peak detected C-Scan image data for each zone. The depth of each zone is established by the corresponding transducer's depth of field. C-Scan image data from all channels are displayed simultaneously on a 1024x1280 CRT and scroll as the inspection advances along the billet length. The data are written to optical storage upon completion of the inspection. Custom post scan analysis software has been developed to detect flaws using signal to noise ratio based algorithm. For further details on the MZI system architecture and operation the interested reader should consult Ref [2] . Ref [3] summarizes operating experience gained with the system, including a comparison of the performance of conventional and Multizone systems.
MZI has an established #2 FBH sensitivity in Ti-6Al-4V billet material up to 10 inches in diameter. Although this sensitivity in established the variability associated with the system has not been thoroughly documented. To our knowledge very few data exist on the variability of the MZI at the supply base. Among those few studies is a round robin study conducted by D. Copley from GE Aircraft Engines, Cincinnati, OH [4] . In his study he focused on the SNR variability identifying transducer, water path, and transducer alignment as the major causes of SNR variability. Other potential causes such as instrumentation, sampling/line spacing, SNR algorithm, and gate position were considered less significant. He also performed a DOE study to evaluate the variability of the inspection technique. The DOE and round robin studies showed similar variability of about 10 dB in the recorded SNR. Rolls Royce using titanium alloy billet material from a contaminated heat carried out another round robin study to compare the performance of MZI to that of conventional inspection. They concluded that MZI demonstrated a better level of detectability than conventional ultrasonic inspection but had significant variability associated with it [5] .
Honeywell Engines, Systems, and Services is implementing MZI for titanium rotating grade billet material of 8 inches in diameter. To achieve this goal a better understanding of the MZI system variability for this size billet was needed. A round robin study involving four different inspection houses was conducted. In the following paragraphs we detail this study and report and discuss the results.
TUNGSTEN CARBID (WC)-SEEDED T1-6A1-4V BILLET
The specimen used in the round robin study is an 8 inch-diameter WC-seeded Ti-6A1-4V billet 28 inches in length. Precision ground WC spheres were used in seeding the billet. This was done by first drilling 0.125" diameter holes in the billet at specified depths and locations. After that slugs were electro-discharge machined from another billet section and machined to length with one spherical end to match the proper sphere. These slugs were used to plug the holes after the WC spheres are dropped in the holes. Two seeded billets were produced one (Block A) had #3, #4, and #5 diameter WC-spheres and the second (Bock B) had #5, #6, and #7 diameter WC-spheres. The selection of these sizes was based on preliminary SNR calculations done at Iowa State University (ISU) to ensure that the reflectivity from the WC spheres is higher that #1 FBH. Based on these calculations it was found that the WC spheres of diameters ranging from #3 to #1 would have SNR higher than #1 FBH but less than or equal to that of a #2 FBH. After inserting the WC-spheres into the holes, the EDM plugs were inserted (< 0.06" extruding) and tack welded into place. The plugs were electron-beam welded to seal the interface and then the billet was Hot Isostatic Pressed (HIP'ed) at 1650° F temperature and 25 KSI pressure for 8 hours. Finally, the entire billet was machined to 8 inch-diameter to remove the EBW and HAZ and to obtain a final inspectable/acceptable surface finish. Two 0.25"-diameter SDHs serve as a registration reference.
After the two test specimens were produced ultrasonic response from the different diameter WC spheres in the seeded billet were collected and compared to those from #2 FBH at similar depth. It was noted that the response from the #6 and #1 diameter WC spheres was much higher than the #2 FBH and was always saturated when #2 FBH response was set to 80% FSH. Therefore the decision was made to use Block A in the round robin study. To further validate these specimens and to resolve any concerns about the noise from the slugs that were used to plug the holes further ultrasonic and metallurgical studies were performed. Figure 1 shows a disk that was sliced from Block B and contains #5, #6, and #1 WC spheres. Three cubes each containing one of the seeds were cut from this specimen. In addition two blocks one containing the plug and the other opposite to that and is plug free that has the normal microstructure in such a billet. The cubes and the blocks were scanned ultrasonically to verify interface integrity between the WC spheres and titanium slugs and the host titanium material. The ultrasonic response from the different faces of the each cube showed the same amplitude level indicating the WC-Seeds TJ-6AI-4V Disk FIGURE 1. A schematic of the disk sliced from block B and contains #5, #6, and #1 WC spheres. Three cubes each containing one of the seeds were cut from this specimen in addition to two blocks one containing the plug and the other is plug free.
interface quality is similar all around the spheres. The noise level in the ultrasonic response from the block that contains the slug and the block that is slug free were generally on the same level for both propagation along and perpendicular to the slug's axis. This indicated that the HIP process healed the specimen uniformly and the slugs have no practical effect on the ultrasonic response from the spheres. Finally, the cube containing the #5 diameter WC sphere was sectioned to confirm the integrity of the interface bond around the sphere. Figure 2 shows the results of this sectioning which clearly illustrates the uniform and continuous bond around the sphere. 
ROUND ROBIN STUDY
The 8 inch diameter WC-seeded titanium billet containing #3, #4, and #5 diameter WC-spheres (Block A) was sent around to four different inspection houses to be MZ inspected according to their production inspection procedures. At each facility, the billet was scanned four different times, with at least three different operators, during four different shifts. At the beginning of each run the system calibration procedure was carried out utilizing the 8 inch-diameter standard containing #2 diameter flat bottom holes at the beginning and end of each zone. The calibration process is done to insure that the amplitude response from each #2 FBH is at least 80% FSH. The gain on each channel was adjusted until the desired response was achieved after the transducer angulation was optimized. In an 8 inch-diameter billet there are five zones that require five different transducers to cover the whole depth. Zone 1 starts at 0.2" below the surface of the billet and ends at 0.9" deep. Zones 2, 3, 4, and 5 cover the following depths, 0.9" to 1.8", 1.8" to 2.7", 2.7" to 3.6", and 3.6" to 4.5", respectively. The C-Scan data was collected from each run and analyzed for indications, indication amplitude, and indication SNR. The depth of the indication was obtained by taking the transducer back to the point representing the index and rotation position recorded by the system and the time of arrival of the signal from the seed was recorded. This time of arrival was then converted to depth information using the longitudinal wave speed in titanium.
The results obtained from the various suppliers were analyzed at Honeywell to extract the system variability at each facility and between facilities. Table 1 summarizes the final results of the analysis. For the four suppliers, A, B, C, and D the percentage rejectable of the total number of indications found in each run based on SNR, amplitude, and amplitude or SNR is listed. The percentage non-rejectable of the total number of finds are also listed for completeness. The total number of defects missed (no indication on the CScans corresponding to these defects) is also listed in Table 1 . Finally the maximum, average, and minimum variability in amplitude and SNR are listed for each supplier. Figure  3 shows an example of the amplitude and SNR variability for all the indications detected by 120.00
2 (1) 8 (1) 24 (1) 27 (1) 30 (1) 11 (2) 16 (2) 19 (2) 22 (2) 5 (2) 27 (2) 4 (3) 14 (3) 16 (3) 18 (3) 11 (3) 21 (3) 6 (4) 9 (4) 12 (4) 23 (4) 3 (4) 29 (4) 6 (5) 13 (5) 29 (5) 9 (5) Defect # (Zone #) 2 (1) 8 (1) 24 (1) 27 (1) 30 (1) 11 (2) 16 (2) 19 (2) 22 (2) 5 (2) 27 (2) 4 (3) 14 (3) 16 (3) 18 (3) 11 (3) 21 (3) 6 (4) 9 (4) 12 (4) 23 (4) 3 (4) 29 (4) 6 (5) 13 (5) 29 (5) 9 (5) Defect # (Zone #) SNR supplier A in four runs. The horizontal axis on the graph represent the defect number followed by the zone number whereas the vertical axes give the amplitude and the SNR respectively. The squares on both graphs give the average value of the amplitude or SNR for a specific indication for the four runs recorded and the bars superimposed on these squares represent the variation in the quantity under consideration by indicating the maximum and minimum recorded values. For example, the indication labeled 27(2) corresponds to defect number 27 in zone 2 and has an average amplitude of 25% with maximum and minimum recorded amplitudes of 34% and 13%, respectively. Similarly for the same indication the average SNR is 1.16 with maximum and minimum recorded SNRs of 1.24 and 1.1, respectively. Also superimposed on these graphs are lines representing the current rejection thresholds for both amplitude (80% FSH) and SNR (2.5). These thresholds were used in determining whether an indication is rejectable or not. It is worth mentioning here that the SNR was calculated by the post scan analysis software and due to the large number of indication the automatic routine could not be used. Each individual indication with an appropriate area around it was boxed and this box was used in calculating the SNR according the formula built into the program which divides the peak signal minus the average noise by the peak noise minus the average noise within the used box. Different box sizes were used to investigate the effect of this manual evaluation on the resulting SNR value and it was found that the variability associated with this process was consistently a small fraction of the overall recorded variability.
To compare the variability from one facility to another the variability in the average value of the amplitude and SNR of the four runs at those indications that were commonly detected by three of the suppliers was analyzed. The fourth supplier was not included in this analysis because they use a different zoning scheme in their inspection. Figure 4 shows the results of this analysis in the same format that was used to investigate the variability within the same facility. Detailed discussion of these results is given in the following section.
DISCUSSION
From Table 1 we can clearly see that on the average there is about 27% variability in the amplitude associated with a certain indication and 38% variability in the SNR associated with the same indication. The percentage variability was calculated as the ratio of the maximum amplitude or SNR for an indication minus the minimum amplitude or SNR for the same indication divided by the average of the four amplitude readings recorded for that indication. For each supplier, the maximum and minimum variability recorded among all the defects were also calculated. This shows that in the worst case scenario we can have almost four times the average variability and in the best case scenario this variability is reduced by a factor of three. Such level of variability in the amplitude and SNR could easily render a rejectable defect to be non rejectable and therefore should be examined more carefully to eliminate its root causes.
The variability in the amplitude and SNR from one facility to another is shown in Figure 4 for three of the suppliers involved in this study. It is clear from these graphs that there is significant variability in the average amplitude and SNR for some indications. In fact the data in Figure 4 suggests that there can be on the average 28% variability in the average amplitude for a specific indication and this variability could be as high as 70% in the worst case scenario and as low as 5% in the best case scenario. For SNR, on the average there can about 30% variability in the average SNR for a specific indication and this variability could be as high as 84% in the worst case scenario and as low as 2% in the best case scenario. Again this could be a very significant level of variability that can cause some facilities to miss defects that should be detectable/rejectable in principal.
(a) FIGURE 4. System (a) amplitude and (b) SNR variability from one supplier to another as measured by the variation in the average amplitude or SNR that were recorded in four runs at each supplier during the round robin study. The squares represent the average value of the average of the four runs at each supplier and the bars around them give the variation in that average value between a maximum and a minimum. 8 (1) 24 (1) 27 (1) 30 (1) 11 (2) 16 (2) 19 (2) 22 (2) 5 (2) 27 (2) 4 (3) 14 (3) 16 (3) 18 (3) 11 (3) 21 (3) 6 (4) 9 (4) 12 (4) 23 (4) 3 (5) 10 (5) 26 (5) The data reported in this effort suggest that there can be significant variability associated with MZI of titanium billet material, both in the amplitude of an indication and in the SNR associated with that indication. The root causes of this variability should be investigated through quantitative assessment of the contribution of several factors that affect this variability. It is our belief that operator variability (transducer alignment, water path, and calibration process) and data evaluation are among the major factors affecting the variability of the technique within the same facility. Variability from one facility to another, in addition to the above factors, is mainly driven by system setup including transducers, transducer configuration, and calibration standards. Finally we should emphasize at this point that the MZI variability data presented in this paper were obtained using an 8 inch diameter WC-seeded titanium billet with idealized spherical inclusions. Certainly this data is representative of the variability associated with 8 inch-diameter billets, but other sizes might exhibit larger or smaller variability depending on the size. Also it should be noted that the results obtained here are consistent with the results from the Copley [4] round robin study.
SUMMARY
A round robin study was conducted by Honeywell Engines, Systems, and Services to assess the variability in the MZI of 8 inch-diameter Ti-6Al-4V billets. The study included four different suppliers. Each supplier inspected the test billet four times using their standard production inspection procedure with at least three different operators during four different shifts. It was found that on the average there is about 27% amplitude variability and 38% SNR variability at each surveyed facility. Also on the average there is about 28% amplitude variability and 30% SNR variability from one facility to the other. Future quantitative studies are needed to determine the root causes of this variability and suggest practical procedures to eliminate or minimize them.
